(L/D) max = maximum lift-drag ratio n = fixed parameter for two-dimensional free transition criterion R A = wing aspect ratio T = tail assembly and twin-boom t = twist W = wing x Trefftz = distance between the gravity center to the Trefftz Plane y = transversal axis C p = pressure coefficient difference
Nomenclature

B
= fuselage C Dp = viscous drag coefficient or parasite drag coefficient C Lmax = maximum lift coefficient C Lo = lift coefficient at zero angle of attack C L = lift slope C Mo = pitching moment coefficient at zero angle of attack C M = pitching moment coefficient slope C p = pressure coefficient C pl = pressure coefficient at lower side of panel C pu = pressure coefficient at upper side of panel c = chord e = Oswald efficiency factor e n = two-dimensional free transition criterion k = lift dependent drag factor or induced drag factor, k = ( ·eR A ) -1 (L/D) max = maximum lift-drag ratio n = fixed parameter for two-dimensional free transition criterion R A = wing aspect ratio T = tail assembly and twin-boom t = twist W = wing x Trefftz = distance between the gravity center to the Trefftz Plane y = transversal axis C p = pressure coefficient difference
I. Introduction
INCE 1917 in Venezuela, the Lake of Maracaibo has been a petroleum extraction zone. The continuous oil leakages from extraction towers and transport pipelines have negatively affected its delicate ecosystem for the last 90 years. Because early detection of the oil leakages helps to minimize the ecological and economical damage, 1 The ANCE design presents a small, twin-boom, pusher-propeller airplane with a maximum takeoff mass of 182.055 kg, capable of carrying 40 kg of payload in a high-technology camera to find oil leakages during daylight or at night. The propeller is powered by a 26-kW two-stroke engine with two pistons. The wingspan of the vehicle is 5.18 m, with a rectangular straight wing with no twist, or dihedral of 3.13 m 2 of surface area, and a wing aspect ratio of 8.57. The wing section is a NACA 4415 airfoil along the whole wingspan. It is expected that the ANCE will have a cruise speed of 41.65 m/s at 2438 m above sea level for a wing Reynolds number of 1.413×10 6 . 1,2 Figure 1 shows an isometric view of the airplane design.
Early wind-tunnel tests helped in the drag cleanup process by drag and lift estimation, 3, 4 although pressure distribution and spanload were not measured.
Panel methods for aerodynamic applications have been used since the 1960 decade for industry, research and academy. They have been successfully applied to compute potential flow in complex and complete aircraft configurations. 5 Although a panel method could not predict the viscous effects by itself, like lift loss and flow separation, several methods are available that couple a panel code with boundary layer estimation 6 to predict lift loss 7 and maximum lift coefficient. 8, 9 For this reason, when the angle of the attack approaches stall, the discrepancy between experimental data and numerical results increases. The advantage of the panel methods is that they only require a surface panel representation of the geometry, instead of a complete flowfield used by finite difference, finite element and volume element methods. 10 The present work has as objective to do a complete aerodynamic analysis of the ANCE. Panel method PAN AIR is used to compute the inviscid flowfield. The viscous effects in drag are estimated by the classic Hoerner method, 11 and the maximum lift coefficient via the classic Valarezo and Chin method. 8 The numerical aerodynamic forces of the complete airplane are compared to experimental data for validation. 3, 4 The spanload and wing pressure distribution are estimated for four configurations: wing, wing-body, wing-bodytail, and wing-body-tail with wing twist. 12, 13 The sources of induced drag for all configurations are achieved graphically via Trefftz plane.
II. Aerodynamic Analysis Method
A. Panel Method Analysis
A panel method code PAN AIR, version A502i, 14 was used to perform the inviscid aerodynamic analysis of the four configurations in study. This is a high-order panel method code capable of solving a variety of boundary value problems in steady subsonic or supersonic inviscid flow by the classic three-dimensional Prandtl-Glauert equation for linearized compressible flow. The configuration is represented by a distribution of linear source and quadratic double singularities, each of which is a solution of Prandtl-Glauert equation. The singularity strength parameters are determined by solving the appropriate boundary condition equations. Once these are known, the velocity and potential fields are computed. The pressure field can then be calculated from an appropriate pressure-velocity relationship, and forces and moments calculated by pressure integration. [15] [16] [17] In order to improve the accuracy of the induced drag calculation, the version A502i can calculate it by Trefftz plane analysis. 14, 18 The PAN AIR pilot code and later versions have been used to compute aerodynamic forces and moments, and pressure distribution on arbitrary configurations. 16, 17 A complete discussion of the method may be found in Ref. 19 . For the symmetric flight conditions considered in this paper, the half wing and wing-body configurations represented consisted of 1551 and 2388 panels, respectively. The wing-body-tail geometries with and without wing twist have 4204 panels. The wing-body-tail geometries with and without wing twist were divided in twenty-seven 3 surface networks. Twenty-two are defined as indirect condition on impermeable thick surface (for lifting surfaces). Four are defined as direct condition on impermeable thick surface (for non lifting surface), and one as base surface condition. The landing gear and the camera were not included in the paneled geometry, due to the fact that the contribution of these components to inviscid forces and moments is assumed negligible. There are seventeen wake surface networks to perform the Kutta condition (zero vorticity at trailing-edges and body bases). 18 The wing-body geometry was divided in eight surface networks and seven wake surface networks. Five surface networks are defined as indirect condition on impermeable thick surface; two are defined as direct condition on impermeable thick surface and one as base surface condition. The wing only geometry has five surface networks defined as indirect condition on impermeable thick surface and four wake surface networks.
Figures 2-5 show the paneled geometry of the wing, wing-body and wing-body-tail with and without wing twist used in the analysis, respectively. Lift and induced drag coefficients were obtained at 0.15 Mach number, at different angles of attack for the paneled ANCE model.
B. Viscous Drag
The classic technique presented in Ref. 11,20 was applied to predict the viscous drag coefficient of the complete airplane geometry. A combination of analytical and empirical data was used to calculate the drag contributions due to skin friction, component interference, flow separation, and surface imperfections.
The analysis included the skin friction of wing, tail, fuselage, and booms; empirical data of drag contribution of landing gear and camera; and interference drag between the wing and fuselage, between tail surfaces, and between the main and nose gears and the fuselage. For a complete review of the viscous drag breakdown, see Ref. 4 .
C. Maximum Lift Coefficient Prediction
The classic Valarezo and Chin method or Pressure difference rule was applied to estimate the maximum lift coefficient of the complete airplane. 8 The pressure difference rule is a stripwise analysis of an inviscid flowfield to determine an estimate of the maximum lift coefficient of the entire wing. It assumes that all of the viscous effects are generally local two-dimensional natures. It is based on the examination of wind tunnel data which indicates that, at a given flow condition (Reynolds number and Mach number combination), there is a certain pressure difference between the suction peak of the airfoil and its trailing-edge at the maximum lift condition. Thus, at a given flow condition, there is a pressure difference that indicates when maximum lift is attained. 21 Although this method is 4 based on two-dimensional data, it may be used for lifting three-dimensional configuration and it has been validated for those cases. 8, 22 In this paper, the pressure difference at the maximum lift coefficient was obtained by a two-dimensional panel method coupled with a boundary-layer XFOIL 23 version 6.94. This is an open-source program created for the design and analysis of isolated airfoils. The code uses a simple linear-vorticity stream function panel method for the inviscid formulation, and it incorporates a Karman-Tsien compressibility correction. The boundary-layer free transition occurs when an e n criterion is achieved. 23 The NACA 4415 airfoil was tested at a Reynolds number of cruise flight (1.413×10 6 ) at angles of attack from -12 to 22 deg in steady, incompressible, and viscous flow with free transition criteria at n = 9 and 140 panels around the section. No roughness effects were considered on the surface. The lift curve was obtained and the C p at maximum lift coefficient was extracted.
III. Results and Discussion
A. The Complete Airplane
To obtain the complete airplane lift and drag coefficients presented in this work, the flowfield was divided in two regions. The induced drag and lift coefficients were computed using the panel code PAN AIR. The minimum drag may be assumed equal to the total viscous drag, and it was estimated by viscous drag build-up. The total drag is obtained when the viscous drag is added to the induced drag. All the data obtained were achieved assuming steady, incompressible, and subsonic flow at wing Reynolds numbers equal to 1.413×10 6 and Mach 0.15.
1,2
The experimental data presented in Ref.
3,4 was used to validate the numerical data achieved in this paper. These data were obtained in a subsonic, closed-throat, closed-circuit, and unpressurized wind tunnel at nine different Reynolds numbers using a scale model of the ANCE with no wing twist. Buoyancy, blockage, and tare and interferences corrections were applied to adapt the wind-tunnel data to the flight condition. 4 The scale-effect corrections on lift and drag were made via the Jacobs method 24 and the extrapolation method, 25 respectively, to adapt the wind-tunnel data to the cruise Reynolds number.
Figures 6-8 and Table 1 show comparisons between the current aerodynamic analysis results and those estimated from wind-tunnel tests. It is observed that the aerodynamic analysis agrees fairly well with the windtunnel data excluding the stall.
The Oswald efficiency factor (or the induced drag factor) and the lift curve slope estimated are in excellent agreement with the experimental data. The experimental minimum drag coefficient and the lift-drag ratio are in good agreement with the values estimated by the aerodynamic analysis.
A difference of 6.42% is observed between the lift coefficient at zero angle of attack predicted by the panel method and that one achieved via the wind-tunnel test. It may be due viscous lift loss. The lift of a wing is less than the value computed on the basis of potential flow because of the presence of a boundary layer on the surface. 7 The lift-drag ratio of the complete airplane with wing twist is greater than that one with no twist. The maximum lift coefficient of the airplane with twist is 3.55% lower than C Lmax with no twist. The wing twist increments (L/D) max in 1.51%, representing an improvement of the aerodynamic characteristics.
The maximum lift coefficient estimated is quite different from the wind-tunnel data. The actual airfoil simulation used turbulent modeling without roughness effects, and the wind-tunnel model had a standard roughness. This may be the cause of the differences between both values. Roughness on the wing leading edge affects the stall characteristics of an aircraft. Ref. 21 shows a comparison of predicted and experimentally measured maximum lift coefficient with and without roughness for cruise flight of M100 ONERA wing-body configuration. It is observed that the maximum lift coefficient computed with roughness is less than the values estimated with no roughness, and this agrees fairly well with experimental results.
B. Comparison between Computational Configurations
The purpose of the four computational configurations was to determine the contribution and influence of each mean component on the complete airplane. Figures 9-11 and Table 2 show the lift coefficient curve, the drag polar curve, and the pitching moment curve for the four computational configurations. The wing configuration results are in a good relation with lift line theory estimation, where C L , = 0.08677/deg and e = 0.935 for a wing with R A = 8.57. 26 The wing configuration produces the highest lift curve slope, whereas the wing-body, the lowest slope. The WBT and WBTt induced similar lift curve slope. This is close to the WB lift curve slope. Figure 9 shows the value of lift coefficient at zero angle of attack of the wing configuration is the highest. The WB C Lo is larger than that one of WBT, and this is higher than that one of the WBTt configuration. Figures  12-13 show the spanwise lift distribution for all configurations at angles of attack equal to 0 and 14 deg, respectively. The spanwise lift distribution for the WBTt configuration is the smallest, and for the W configuration is the largest. The WBT configuration spanwise lift distribution is smaller than that of the WB configuration. The twin booms and the fuselage produce a reduction of wing lift in the WB, WBT and WBTt configurations. The wing twist in the WBTt configuration changes the spanwise lift distribution and reduces de lift for a specific angle of attack respect to the WBT configuration. The spanwise lift distribution is analoguous to C Lo for all configurations. Figure 10 shows the polar drag curve for all configurations. The wing configuration produces the highest Oswald efficiency factor. The WB, WBT and WBTt configurations induced similar e. However, the WBTt configuration Oswald efficiency factor is larger than that one of the WBT configuration. The minimum drag coefficient of the W and WB configurations are zero, but the WBT and WBTt configurations minimum drag coefficient is 0.0014. PAN AIR computes only inviscid forces, and the minimum drag present in the configurations with tail has to be induced drag. When the wing does not produce lift, the angle of attack of the tail is -2.37 deg, and it produces lift and vortex drag. Figures 14-15 show a comparison between the W and WB configurations off-body pressure distribution Trefftz plane and the WBT and WBTt configurations at angle of attack equal to 0 and -4 deg, respectively. The W and WB configurations produced only one vortex at angle of attack equal to zero, and the WBT and WBTt produce two vortexes, one behind the wing tip, and another one behind the tail assembly tip. The WBTt configuration wing vortex is smaller than that one of the WBT configuration. As it is shown in Fig. 15 , at an angle of attack equal to -4 deg, it could be observed that the vortex created for the tail assembly in WBT and WBTt is greater than that one generated for the wing. The tail assembly is an important source of induced drag. Figure 11 shows pitching moment coefficient as a function of angle of attack for all configurations. It is observed that pitching moment slopes for all configurations are negative, and that for the configurations with tail the C M absolute value is higher than that with no tail.
The pressure distributions at four wing stations were computed to study the effect of twin boom, fuselage and wing twist on the lift generation. Figures 16-20 show the pressure distribution for all configurations at y equal to 
IV. Conclusions
An aerodynamic analysis procedure was applied to compute and estimate the aerodynamic characteristics of the ANCE. The high order panel code PAN AIR was used to compute the inviscid flowfield, a viscous drag was built to estimate the viscous drag, and the pressure difference rule was applied to calculate the maximum lift coefficient of the ANCE. PAN AIR was used to simulate the potential flowfield around four configurations: wing, wing-body, wing-body-tail and wing-body-tail with wing twist. The aerodynamic analysis results for the complete airplane with no wing twist are in good agreement with experimental data. The wing twist improves the aerodynamic characteristics of the aircraft. It increases the lift-drag ratio 1.51 %. The comparison of the four configurations demonstrates that the boom and the fuselage reduce the lift and reduce the Oswald efficiency factor. It represents a downgrade of the aerodynamic characteristics. The tail assembly is an important source of induced drag, but it is necessary to keep the longitudinal stability.
